Objectives/Hypothesis: The purpose of this study was to determine the usefulness of edible taste strips for measuring human gustatory function.
INTRODUCTION
When compared with measurements of olfactory function, considerably fewer studies have been reported on human taste perception. One reason for this discrepancy is the absence of a rapid and reliable method for evaluating gustatory function. Recent estimates suggest that approximately 0.6% of the US population experiences a taste problem. 1 Furthermore, human taste responses are thought to influence dietary, 2 drug, 3 and alcohol overconsumption. 4, 5 Thus, a psychophysical taste test that is easy to prepare and easy to transport to locations outside of the clinic or laboratory should have clinical relevance for measuring taste disturbances.
Taste function in humans is often examined by presenting a variety of aqueous solutions to test subjects. 6 This approach has certain limitations. For example, water may activate central nervous system regions that respond to tastants, 7 and may also cause after-impressions following the removal of a chemical solution from the mouth. 8, 9 In addition, aqueous solutions possess a variable shelf life, raise complications due to the temperature of solutions during testing, and are not easily transported outside the clinic or laboratory.
Recently, a number of tests have been developed that do not use aqueous solutions for delivery of taste stimuli. The insoluble matrices used in these tests consist of either dried wafer/tablets that contain varying amounts of basic taste stimuli, cellulose-based filter papers that are impregnated with tastant, or starch-based flavor films. 10 -15 Although each of these tests meets the requirement for long shelf life, each has limitations. The wafer/tablet tests required that the samples had to be chewed, which negated the opportunity to examine regional testing in the oral cavity. For impregnated paper tests, the filter paper functions as an insoluble substrate that must be expectorated and discarded at the end of each trial. In addition, the filter paper method may yield false negatives or false positives during examination of taste blindness to phenylthiocarbamide. 16 One approach for improving the measurement of human gustatory function is to design a delivery system that rapidly dissolves in the oral cavity and has little or no background taste. Such a delivery system will provide the necessary tools for accurately assessing human taste function in a clinical, industrial, or academic setting. In this report, we describe the preparation and use of edible films as a vehicle for rapidly administering precise amounts of one or more tastants into the oral cavity. These films are primarily composed of the naturally occurring polymer pullulan, which is a polysaccharide that is produced from starch by the fungus Aureobasidium pullulans. 17 The goal of this report is to demonstrate the advantages of edible taste strip technology for examining human taste function.
MATERIALS AND METHODS

Preparation of Edible Taste Strips
For preparation of strips, pullulan (␣-1,4-; ␣-1,6-glucan) is combined with the polymer hydroxypropyl methylcellulose (HPMC). HPMC is a semisynthetic ether derivative of cellulose that increases the tensile strength of pullulan films. For preparation of edible films, HPMC powder was first added to a rapidly stirred solution of 100 mL of distilled water at 75 to 80°C, followed by addition of pullulan powder. The mixture was cooled to room temperature, and tastant was added along with 12 L of food coloring to aid in visualization of the strips. Control strips were prepared as described above except no tastant was included. For film preparation, a flat casting surface was washed with 95% ethanol, dried, and wiped clean with a paper towel. Vinyl electrical tape (3M Corporation) was placed on the surface to produce a border that enclosed a 3.25 ϫ 4 inch rectangle. The clear polymer solution was then poured onto either nonstick cookie sheets (Baker's Secret) or dry-erase white boards (Office Depot) by adding a 6.94 mL volume of polymer solution within the enclosed rectangle. The solution was evenly spread over the enclosed area, and was allowed to dry for 5 to 6 hours at room temperature or at 37°C. Dried films were prepared from 3.0 or 3.25% (wt/vol) polymer, with a dry weight ratio of 7:1 pullulan to HPMC. After drying, the clear film was removed in its entirety by gently removing the vinyl tape border, and then removing the film from the surface mold with tweezers or a razor blade. Finally, the film was cut into 2.54 cm 2 lengths and stored between sheets of glassine paper in 35-mm cell culture dishes, and placed in a small zip-loc bag. Edible strips were stored in the dark at room temperature or at 4°C. Figure 1 shows an image of an edible film that was removed from its casting surface.
Quinine Assay for Uniformity of Tastant
Quinine hydrochloride is a widely used bitter tastant for psychophysical studies, 18 and this fluorescent molecule was selected as a representative tastant for examining the uniformity of taste stimuli in strips. Quinine hydrochloride was quantified in 3.25% taste strips by fluorescence spectroscopy (PTI, Birmingham, NJ). Edible taste strips were prepared that contained 118.2 mol of quinine hydrochloride within each 2.54 cm 2 taste strip. After dissolving each taste strip in 3.5 mL of 0.5 mol/L sulfuric acid, quinine content was assayed by fluorescence emission spectroscopy, with excitation at 310 nm. Fluorescence emission was measured at the wavelength maximum, and emission was measured in the range where autoquenching of fluorescence did not occur (Յ50 M). A standard curve for quinine content was generated by measuring peak fluorescence emission of quinine solutions of increasing concentrations (r 2 ϭ 0.99 for standard curve).
Psychophysical Measurements
For assessment of sweet taste recognition thresholds, edible taste strips were prepared as described above, except that sucrose was used as the taste stimulus. Control strips contained only pullulan and HPMC. For the "sip and spit" test, sucrose was dissolved in water, and 10 mL aliquots were used for psychophysical measurements. All solutions were used at room temperature.
For taste recognition thresholds, a modification of the threedrop procedure 19, 20 that utilized a single series ascending method of limits was employed. 21 In this protocol, taste stimuli were presented in triads (1 stimulus and 2 blanks). The stimulus series was begun with a low amount of tastant in the strip, and the task of the subject was to a) report which one of the three stimuli differed from the other two, and b) correctly identify its taste quality (i.e., sweet). When a miss occurred within a triad, a subsequent triad was presented at the next higher stimulus amount. When the first triad was performed correctly, an additional triad was presented where the amount of taste stimulus remained the same. If correct performance again occurred, a third triad was given at the same stimulus concentration. The stimulus amount where three successful triads occurred (where all 3 successful triads contained the same stimulus amount) was taken as the threshold value if one additional triad was successfully performed that contained the next higher amount of tastant. The probability of correctly guessing the strip with tastant in four successive triads (12 presentations) is .01.
Chemicals
Pullulan was obtained from NutriScience Innovations, LLC (Fairfield, CT), and HPMC was from Dow Chemical Co. (Midland MI). Sucrose, monosodium glutamate, 6-propyl-2-thiouracil (n-PROP), 
Participants
A total of 41 healthy volunteers (25 men and 16 women) ranging in age from 18 to 58 years (average age of 30.6 years) volunteered to participate. All participants were nonsmokers, and each subject was asked to refrain from eating or drinking (except water) for a minimum of 1 hour before their scheduled session. All subjects were healthy by self-report. No subjects had been previously diagnosed with diabetes or neurological disorders such as depression, or had visited a dentist in the previous 48 hours, that would compromise their taste function. For statistical analysis, potential gender differences for sucrose taste recognition studies were carried out with the Mann-Whitney U test. 
RESULTS
Properties of Edible Taste Strips
Control taste strips (3.0% polymer content) that measured 2.54 cm 2 in size weighed on average 20.6 mg, and had an average film thickness of 0.03 mm. The dissolving time for taste strips on the tongue surface was approximately 10 seconds, and dissolving time was 8.4 Ϯ 1.1 seconds in deionized water at 37°C. Table I shows the maximal amount of tastant that can be added to 3.25% pullulan-HPMC strips to produce a clear film that is readily removed from its casting surface. The upper limit for representative tastants incorporation in polymer solutions is between 2.5 and 5% (wt/vol), with ionic compounds saturating the film at lower amounts. Representative taste stimuli of the five major classes of tastants were incorporated into pullulan-HPMC strips at amounts that are routinely used for suprathreshold tests. 20 The upper limit for incorporation of the bitter tastant n-PROP into edible films is considerably lower than for other tastants. This lower limit is a function of the solubility of n-PROP in aqueous solutions (6.5 mMol in water at 20°C). However, this amount is considerably above reported suprathreshold values for n-PROP. 22 Finally, taste modifiers such as lactisole 23 can be readily incorporated into pullulan-based films.
Uniformity of Tastant in Pullulan-HPMC Strips
Five 2.54 cm 2 strips were assayed for total quinine content. After dissolving a single 2.54 cm 2 control strip in the sample cuvette, a decrease in fluorescence emission of quinine was observed (7.1%), along with a 1 nm shift of the maximum wavelength to 451 nm. After correcting for this polymer-induced decrease in fluorescence, the five strips contained on average 103.1 Ϯ 4.4 nmol of quinine hydrochloride. This amount was 87.2 Ϯ 3.7% of the calculated value for quinine. These results demonstrate that tastant remained in the film during drying, and that edible strips contained uniform quinine content. These results further suggested that the actual amount of taste stimulus added to the polymer solution was near predicted values in the dried film.
Finally, control strips used in the sucrose taste recognition study yielded a response of no taste (no sweet, sour, salty, or bitter taste) 97.8% of the time (n ϭ 539). These results demonstrate that pullulan-based edible taste strips have very little background taste when dissolved by saliva in the oral cavity.
The taste recognition data for edible strips that contained varying amounts of sucrose is presented in Figure  2 . Figure 2A describes the distribution of test subjects when edible strips were used as the delivery method for recognition threshold measurements of sweet taste. A cumulative frequency distribution of taste recognition thresholds (cumulative thresholds) shown in Figure 2B , yielded a sigmoidal curve with an r 2 value (for a sigmoidal curve) of .99 in our psychophysical model. The slope of the curve indicates the range over which our population of 32 subjects could detect a change in the amount of sucrose in taste strips. Overall, an average threshold recognition value of 3.3 mol was observed in our sample population (average age of The values in column two represent the percentage of tastant in an aqueous solution that was used to prepare a clear taste film that is readily removed from its casting surface. Maximum amount of tastant is the amount of tastant in a 2.54 cm 2 strip where the taste strip was prepared from 533.3 L of polymer solution. All strips were composed of 3.25% polymer.
Sodium 2-(4-methoxy-phenoxy) propanoate is the sweet taste modifier, lactisole.
years).
In addition, taste recognition thresholds for sucrose indicated that median values were slightly lower in women than in men. The median threshold value for women (n ϭ 14) was 3.2 mol, and the median threshold value for men (n ϭ 18) was 3.4 mol. In our sample, no significant difference between the two gender groups was found (P Ն .05, two-tailed test). A large study that examines taste recognition thresholds as a function of sex and age in decades will allow a systematic examination of potential gender differences in taste recognition thresholds for sweet taste. Sucrose taste recognition thresholds that were obtained from an aqueous sip and spit test are shown in Figure 3 . For the liquid test, taste recognition thresholds for sucrose were considerably higher when compared to the results obtained with edible strips. The mean threshold value for sucrose recognition was 172.6 mol. The mean threshold value for women (n ϭ 12) was 150.0 mol, and the mean threshold value for men was 190.6 mol (n ϭ 15). In our sample (average age was 27.6 years), no significant difference between the two gender groups was observed (P Ն .05, two-tailed test).
Comparison of Taste Strips to an Aqueous Taste Test
The mean taste recognition thresholds for sweet taste that were obtained from edible taste strips are over one order of magnitude lower than those reported with waterbased testing protocols for comparable age groups. 24 In addition, the variability was considerably smaller when taste recognition thresholds were measured with edible taste strips. These results demonstrate that pullulan-HPMC taste strips are excellent substrates for delivery of tastant. Furthermore, these strips exhibit considerable sensitivity for examination of taste recognition thresholds in humans.
DISCUSSION
This study demonstrates the utility of edible taste strips as a rapid method for presentation and detection of taste stimuli in humans. Based on commercially available strips for improving oral hygiene, these 2.54 cm 2 strips are extremely useful substrates for measuring taste function both in clinical and in nonclinical settings. When placed in the mouth, these strips are rapidly dissolved by saliva, and release tastant into the oral cavity. In addition, these pullulan-HPMC films incorporate a broad range of taste stimuli during film formation. By varying the amount of tastant in strips, taste intensity responses for future suprathreshold studies for all major classes of taste stimuli should be feasible. Based on their ability to incorporate n-PROP, edible taste strips should be highly useful for examining specific taste ageusias to bitter-tasting compounds such a phenylthiocarbamide or n-PROP.
Because of their rapid dissolving time in the oral cavity, somatosensory cues from edible taste strips appear to be minimal. These taste strips possess a long shelf life, require little storage space, and are readily portable for testing outside the clinic, laboratory, or classroom. These easy-to-administer edible strips are odorless, nonallergenic, and require a short testing time. In addition, these strips can be prepared in a variety of shapes, thicknesses, and sizes. Preliminary studies with L-ascorbic acid indicate that little volatility of tastant occurs during dissolving time in the mouth so that this test should find use in separating potential olfactory components of gustation (unpublished data). If true for all classes of tastants, this method will be invaluable for separating the gustatory, olfactory, and trigeminal components of flavor.
One major advantage of taste strips is that a precise amount of tastant (or taste modifier) can be incorporated into a strip of specified size and thickness. The taste stimulus is released into a more localized area of the oral cavity because solubilization is dependent on the presence of saliva that comes in direct contact with the taste strip. Local saliva production is less than 5 mL under normal circumstances, and bulk movement of saliva in the oral cavity is considerably less than what would be expected from a 10 to 15 mL water volume during a traditional sip and spit test. Thus, the dissolved tastant that is released from strips will be more localized and more concentrated when compared with aqueous taste tests. This smaller volume likely caused or contributed to the significantly lower threshold recognition values for sucrose when compared with the aqueous sip and spit test because the aqueous test essentially "dilutes" the amount of tastant that is directly in contact with taste receptor cells on the tongue surface.
Because of their low background taste, edible taste strips are excellent vehicles for taste recognition threshold measurements. Edible taste strips are readily adapted for examination of thresholds by modification of the threedrop, 20 or a two-alternative staircase method. 25 In addition, this technique should be applicable for regional taste testing on the tongue surface by preparing small, circular taste strips with a paper hole punch. Film thickness can also be modified for examination of regional taste testing. Also, edible taste strips should be useful for simultaneous presentation of mixtures of tastants in the oral cavity. In addition, taste blockers such as lactisole 23 or gymnemic acid extracts 26 are readily incorporated into taste strips. Finally, edible taste strips can be rapidly dissolved in 10 to 15 mL of water for presentation of taste stimulus (or a taste modifier) as a standard water-based taste test in the clinic, or at a remote location.
CONCLUSIONS
The preparation and use of edible taste strips composed of pullulan and HPMC allows the rapid evaluation of taste recognition thresholds in humans. The concentration and ratio of pullulan-HPMC polymers, variation in film thickness and size, and incorporation of additives such as gum Arabic can modify the physical properties of taste strips for tailoring the strips to a variety of psychophysical protocols. An edible film-based taste test should have application to threshold studies, suprathreshold studies, regional taste testing, and studies on taste blindness. In summary, this test will make possible for the first time a mechanism for gathering large-scale epidemiological data on human gustatory function.
